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Abstract
1.	 Habitat	loss	and	modification	are	hallmarks	of	anthropogenic	ecosystems,	but	the	
consequences	for	ecosystem	functioning	and	service	provisioning	often	remain	
unclear.	Understanding	these	links	in	cities	is	complicated	by	strong	but	fine-scale	
differences	in	habitat	structure	among	green	space	patches,	and	a	high	variance	in	
habitat	amount	across	urban	landscapes.
2.	 We	used	 airborne	 laser	 scanning	data	 to	disentangle	 the	 effects	of	 3D	woody	
habitat	heterogeneity	of	urban	home	gardens,	and	woody	habitat	amount	at	four	
landscape	spatial	scales	(50,	100,	250,	and	500	m),	on	the	predation	risk	of	artifi-
cial	sentinel	prey	by	birds	and	arthropods.
3.	 In	both	predator	groups,	and	at	all	the	investigated	spatial	scales,	cross-scale	inter-
active	effects	between	garden	habitat	heterogeneity	and	habitat	amount	in	the	
urban	 landscape	were	the	main	drivers	of	predation.	Risk	of	predation	by	birds	
was	 highest	 in	 heterogeneous	 garden	 habitats,	 but	 only	 in	 densely	 built	 urban	
landscapes	where	habitat	 amount	was	 low	 to	 intermediate	 (10%–20%)	 at	 large	
spatial	scales	(250–500	m).	It	dropped	independently	of	garden	habitat	heteroge-
neity	when	habitat	 amount	became	 too	 low	 (<10%)	at	 small	 (50–100	m)	 spatial	
scales.	In	contrast,	risk	of	predation	by	arthropods	mostly	peaked	in	homogene-
ous	garden	habitats	when	habitat	amount	was	intermediate	(20%)	at	large	spatial	
scales.
4.	 Our	findings	show	that	the	ability	of	urban	green	space	patches,	such	as	gardens,	
to	sustain	ecosystem	functions	in	cities	mainly	depends	on	cross-scale	interactive	
effects	with	larger	scale	habitat	amount.	In	birds,	predation	activity	can	increase	
when	high	patch-scale	habitat	heterogeneity	contrasts	with	reduced	larger	scale	
habitat	 amount,	 suggesting	 concentration	 effects.	 Yet,	 thresholds	 exist	 under	
which	ecosystem	functioning	drops	independently	of	habitat	structure.
5. Synthesis and applications.	The	potential	of	small-scale	 interventions	to	enhance	
habitat	heterogeneity	(e.g.,	by	planting	native	trees	with	understorey	shrubs)	for	
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1  | INTRODUC TION
Investigating	the	functional	consequences	of	land	use	is	key	to	sus-
tain	ecosystem	processes	and	their	associated	services,	which	are	the	
goods	and	benefits	that	people	draw	from	ecosystems	(Millennium	
Ecosystem	Assessment,	2005;	Schwarz	et	al.,	2017;	Seto,	Guneralp,	
&	Hutyra,	2012).	The	demand	for	ecosystem	functions	and	services	
is	especially	high	in	urban	areas	as	the	world	urban	population	is	pre-
dicted	to	grow	by	61%,	to	reach	6.3	billion	in	2050	(i.e.,	66%	of	all	of	
humanity)	(United	Nations,	2014).	Furthermore,	urban	land	cover	is,	
on	average,	expanding	twice	as	fast	as	the	urban	population	(Angel,	
Parent,	Civco,	Blei,	&	Potere,	 2011).	 The	 importance	of	 delivering	
ecosystem	 functions	 within	 metropolitan	 boundaries	 is	 therefore	
increasingly	 recognized:	both	 to	 improve	 the	health	and	wellbeing	
of	urban	residents,	and	because	of	the	potential	to	reconcile	urban	
growth	 with	 biodiversity	 conservation	 (e.g.,	 Aronson	 et	al.,	 2017;	
Elmqvist	et	al.,	2015;	Gaston,	Ávila-	Jiménez,	&	Edmondson,	2013).
Woody	vegetation	 is	of	major	 importance	 for	ecosystem	func-
tioning	 and	 service	 provisioning	 in	 cities	 (Elmqvist	 et	al.,	 2015).	
These	services	can	be	direct,	such	as	when	street	trees	filter	air	pol-
lutants,	moderate	the	climate	and	store	carbon,	or	indirect,	by	offer-
ing	habitat	to	species	that,	in	turn,	deliver	their	own	functions	and	
services	 (Schwarz	 et	al.,	 2017).	 Although	 urban	woody	 vegetation	
cover	has	been	consistently	correlated	to	both	vertebrate	and	inver-
tebrate	 species	 richness	 and	 abundance	 across	 studies,	 it	 remains	
largely	unknown	how	the	variance	 in	the	amount	and	structure	of	
the	urban	woody	vegetation	affects	ecosystem	functioning	and	ser-
vice	provisioning	 through	associated	organisms	 (Beninde,	Veith,	&	
Hochkirch,	2015;	but	see	Philipott	&	Bichier,	2017).
Understanding	 the	 link	 between	 urban	 vegetation	 and	 eco-
system	functioning	 is	 complicated	by	 the	high	 level	of	 spatial	het-
erogeneity	 found	 in	 urban	woody	 vegetation	 across	 spatial	 scales	
(Casalegno,	Anderson,	Hancock,	&	Gaston,	 2017).	At	 small	 spatial	
scales,	 the	 vertical	 structure	 of	woody	 vegetation	 varies	 strongly,	
ranging	from	patches	with	simplified	vegetation,	such	as	uniformly	
trimmed	trees	without	understorey,	to	patches	with	complex,	multi-
layered	vegetation	filled	with	trees	and	shrubs	of	different	sizes	(e.g.,	
Loram,	Warren,	&	Gaston,	2008).	This	small-	scale	spatial	heteroge-
neity	is	caused	by	contrasting	green	space	designs	and	management	
intensities	among	the	numerous	land	owners	and	tenants,	in	combi-
nation	with	small	property	sizes	(Gaston	et	al.,	2013).	At	larger	spa-
tial	scales,	the	urban	landscape	composition	is	also	highly	variable,	
but	as	a	general	pattern	the	amount	of	woody	vegetation	cover	de-
creases	with	increasing	density	of	built	and	paved	land	(e.g.,	Tratalos,	
Fuller,	Warren,	Davies,	&	Gaston,	2007).
One	seldom	studied	example	of	an	ecosystem	function	that	may	
be	driven	by	the	amount	and	structure	of	woody	vegetation	in	cities	
is	predation	or	the	control	of	pest	organisms	by	their	natural	enemies	
(Schwarz	et	al.,	2017).	The	 “enemies”	hypothesis	predicts	 stronger	
top-	down	 control	 and	hence	 smaller	 prey	populations	driven	by	 a	
more	stable,	diverse,	and	 individual-	rich	community	of	 (generalist)	
enemies	in	structurally	heterogeneous	habitats	when	compared	to	
more	 homogeneous	 habitats	 (Muiruri,	 Rainio,	 &	 Koricheva,	 2016;	
Root,	1973;	but	see	Tscharntke	et	al.,	2016).	However,	this	may	be	
counteracted	as	prey	survival	can	increase	with	habitat	heterogene-
ity	due	to	lower	prey	detectability	and	accessibility	(Denno,	Finke,	&	
Langellotto,	2005).	Predicting	the	impacts	of	habitat	loss	on	preda-
tion	can	be	similarly	difficult,	especially	in	cities	where	diverse	and	
novel	communities	can	persist	despite	habitat	 loss	 (Aronson	et	al.,	
2014;	 Braaker,	 Ghazoul,	 Obrist,	 &	 Moretti,	 2014;	 Sattler,	 Obrist,	
Duelli,	 &	Moretti,	 2011).	 How	 habitat	 loss	 impacts	 predator–prey	
interactions	depends	on	the	complex	interactions	between	the	rel-
ative	vulnerability	of	prey	and	predators	to	habitat	loss,	on	feeding	
strategies	 and	 habitat	 requirements	 of	 predators,	 and	 on	 interac-
tions	with	 competitors	 and	 higher	 level	 predators	 (Ryall	 &	 Fahrig,	
2006).	For	example,	several	studies	examining	the	effects	of	habi-
tat	loss	have	shown	increasing	predation	rates	in	remaining	habitat	
patches	across	ecosystems,	including	cities	(Ferrante,	Lo	Cacciato,	&	
Lövei,	2014;	González-	Gómez,	Estades,	&	Simonetti,	2006;	Kozlov,	
Zverev,	&	Rainio,	2017;	Philipott	&	Bichier,	2017;	Tscharntke	et	al.,	
2012;	Turrini,	Sanders,	&	Knop,	2016).	This	complexity	 is	probably	
driven	by	the	fact	that	ecosystem	functions,	such	as	predation,	are	
often	 shaped	by	 interactive	effects	between	 the	 small-	scale	habi-
tat	structure	and	the	habitat	amount	of	the	surrounding	landscape	
across	spatial	scales,	which	highlights	the	need	for	multiscale	stud-
ies	(Boreux,	Kushalappa,	Vaast,	&	Ghazoul,	2013;	Tscharntke	et	al.,	
2012).	 The	 aims	 of	 our	 study	 were	 (a)	 to	 determine	 whether	 the	
predation	risk	of	potential	pest	caterpillars	by	birds	and	arthropods	
restoring	ecosystem	functions,	such	as	bird	predation,	in	urban	areas	is	dependent	
on	wider	 landscape	habitat	 structure.	Urban	planning	 should	 therefore	adopt	a	
multiscale	approach	 to	sustain	and	 restore	ecosystem	functions	and	services;	a	
simple	but	still	not	broadly	recognized	finding.	Airborne	laser	scanning	is	a	useful	
tool	to	infer	habitat	structure	across	a	hierarchy	of	scales	in	spatially	heterogene-
ous	anthropogenic	ecosystems.
K E Y W O R D S
ecosystem	functions,	ecosystem	services,	habitat	heterogeneity,	light	detection	and	ranging,	
pest	control,	trophic	interactions,	urban	ecosystems,	urban	gardens
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increases	with	increasing	heterogeneity	in	the	vertical	woody	vege-
tation	structure	of	urban	green	space	patches;	and	(b)	to	determine	
whether	the	strength	of	such	a	relationship	depends	on	the	amount	
of	woody	vegetation	cover	 in	 the	surroundings	across	 four	 spatial	
scales.	 Finally,	 (c)	 by	 studying	 two	 distinct	 predator	 groups,	 we	
aimed	at	elucidating	potential	differences	in	predator	responses	to	
woody	vegetation	characteristics	and	spatial	scales.
2  | MATERIAL S AND METHODS
2.1 | Study area
We	 conducted	 this	 study	 in	 the	 city	 of	 Zurich,	 Switzerland	
(47°22′0″N,	 8°33′0″E).	 Zurich	 is	 the	 core	 area	 of	 a	 metropolitan	
agglomeration	harbouring	about	1.3	million	people.	The	municipal-
ity	of	Zurich	currently	has	approximately	400,000	 inhabitants	and	
a	surface	of	c.	92	km2,	placing	 it	 in	the	globally	most	frequent	city	
size	class	(United	Nations,	2014).	Urban	green	spaces	cover	approxi-
mately	 43%	 of	 settlement	 area	 (i.e.,	 without	 forests,	 agricultural	
areas,	and	water	bodies;	Grün	Stadt	Zürich,	unpubl.	data).
2.2 | Study sites selection
We	used	home	gardens	(i.e.,	yards;	hereafter	“gardens”)	as	our	study	
sites	because	they	are	representative	of	urban	green	space	due	to	
their	 small	 size,	 continuous	 distribution	 along	 housing	 and	 urban	
infrastructure	density	gradients,	and	their	high	variance	in	the	het-
erogeneity	of	the	woody	vegetation	structure	(Gaston	et	al.,	2013;	
Loram	et	al.,	2008).	In	Zurich,	gardens	cover	approx.	11%	of	settle-
ment	area	and	25%	of	urban	green	space	(Grün	Stadt	Zürich,	unpubl.	
data).
To	disentangle	 the	 effects	 of	woody	 vegetation	 heterogeneity	
and	 amount	 on	 predation	 risk,	 we	 randomly	 selected	 24	 gardens	
to	include	all	combinations	of	low	and	high	garden	vertical	vegeta-
tion	 heterogeneity	 and	 cover	 around	 each	 garden	within	 a	 500	m	
radius	(Litteral	&	Shochat,	2017)	(i.e.,	a	stratified	sampling	approach;	
Figure	1).	Each	garden	owner	was	contacted	 initially	by	 letter,	and	
thereafter	by	phone	to	arrange	a	garden	visit.	 If	no	phone	number	
was	available,	garden	owners	were	approached	personally.
The	 mean	 pairwise	 distance	 between	 gardens	 was	 4.9	km	
(min.	=	0.13	km,	 max.	=	9.8	km).	 Two	 neighbouring	 gardens	 had	
to	 fulfil	 the	 condition	 of	 having	 contrasting	 woody	 vegetation	
heterogeneities.	 To	 control	 for	 confounding	 effects	 of	 garden	
area,	 the	 variance	 was	 kept	 as	 small	 as	 possible	 (M	=	382	m2,	
min.	=	107	m2;	max.	=	791	m2).	 Nevertheless,	 plot	 size	was	 stan-
dardized	 by	 conducting	 the	 experiment	 and	 measuring	 woody	
vegetation	heterogeneity	in	a	30-	m	radius	(see	below).	We	did	not	
observe	 supplementary	 bird	 feeding	 during	 the	 experiment,	 as	
this	can	locally	increase	bird	densities	and	negatively	affect	both	
the	 abundance	 of	 insect	 pests	 and	 ground-	dwelling	 arthropod	
predators	 (Orros,	 Thomas,	 Holloway,	 &	 Fellowes,	 2015).	 Finally,	
pesticide	use	 in	 the	woody	vegetation,	which	can	negatively	 im-
pact	pest	 control,	was	determined	via	a	questionnaire.	Pesticide	
application	 frequency	was	very	 low	among	 the	 investigated	gar-
dens	 (only	 three	 garden	 owners	 applied	 pesticides	 1–3	 times	 a	
year)	and	was	therefore	not	further	controlled	in	the	experiment	
(D.	Frey,	unpubl.	data).
2.3 | Measures of habitat amount and heterogeneity
Increasing	 heterogeneity	 in	 woody	 vegetation	 structure	 has	
been	 shown	 to	 attract	 insectivorous	 birds	 and	 arthropods	 to	 gar-
dens	 (Belaire,	Whelan,	&	Minor,	 2014;	 Smith,	Warren,	 Thompson,	
&	Gaston,	2006),	 but	 it	 is	difficult	 to	measure	 this	 in	urban	areas.	
Mapping	 fine-	scale	 differences	 in	 the	 amount	 and	 vertical	 het-
erogeneity	of	woody	vegetation	 requires	sensitive	 remote-	sensing	
techniques	such	as	airborne	laser	scanning	(ALS)	or	airborne	light	de-
tection	and	ranging.	ALS-	derived	metrics	of	vegetation	structure	are	
powerful	predictors	of	biodiversity	and	predator–prey	 interactions	
in	natural	ecosystems	(Davies	&	Asner,	2014;	Zellweger	et	al.,	2016)	
and	are	increasingly	used	in	urban	ecology	(Casalegno	et	al.,	2017).	
However,	ALS	applications	 to	 study	 relationships	between	habitat	
structure	and	ecosystem	functioning	remain	scarce.
As	a	surrogate	for	garden	habitat	heterogeneity,	we	used	vege-
tation	return	heights	from	ALS	data	(Figure	1).	We	used	a	publicly	
available	 dataset	 which	 was	 acquired	 between	 March	 and	 April	
2014	with	 an	 average	point	 density	 of	 8	 per	m2,	 a	 footprint	 size	
of	0.2	m,	and	a	vertical	accuracy	of	0.1	m.	The	raw	data	have	the	
form	of	a	classified	point	cloud	including	the	categories:	buildings,	
ground	 points,	 and	 vegetation	 points	 (data	 available	 at:	 https://
are.zh.ch/internet/baudirektion/are/de/aktuell/mitteilungen/
gis/2015/hoehendatenzh.html).	 Woody	 vegetation	 cover	 was	
defined	 as	 vegetation	 return	 heights	 of	 greater	 than	 1	m	 above-	
ground.	 Heterogeneity	 in	 the	 woody	 vegetation	 structure	 was	
measured	as	the	standard	deviation	of	vegetation	return	heights	at	
30-	m	radius	circles	with	the	gardens	centred	(Muiruri	et	al.,	2016;	
Zellweger	et	al.,	2016).
Woody	vegetation	cover	was	used	 to	estimate	habitat	amount	
and	was	defined	as	the	proportion	of	woody	vegetation	in	the	entire	
ALS	point	cloud	in	each	area	investigated.	We	adopted	a	multiscale	
experimental	design,	in	which	the	garden-	level	variables	were	held	
constant,	while	the	spatial	extent	at	which	the	habitat	amount	was	
measured	was	 increased	stepwise	(Wheatley	&	Johnson,	2009),	as	
the	proportion	of	cover	in	50-	,	100-	,	250-	,	and	500-	m	radius	circles	
around	each	garden	(Litteral	&	Shochat,	2017;	Table	S1).	We	consid-
ered	multiple	spatial	scales	because	organisms	and	associated	eco-
system	processes,	such	as	predation,	are	affected	by	factors	that	act	
at	multiple	spatial	scales	(Levin,	1992;	Ryall	&	Fahrig,	2006).	Based	
on	previous	research	on	urban	birds	and	arthropods	(i.e.,	small	insec-
tivorous	birds	 and	ground-	dwelling	arthropod	predators)	 in	Zurich	
and	 elsewhere	 we	 opted	 for	 a	 combination	 of	 several	 small	 (i.e.,	
50–250	m)	and	one	large	(≥500	m)	spatial	scale	(Braaker	et	al.,	2014;	
Fontana,	Sattler,	Bontadina,	&	Moretti,	2011;	Hostetler	&	Holling,	
2000;	Litteral	&	Shochat,	2017;	Turrini	&	Knop,	2015).
Since	urban	woody	vegetation	can	change	strongly	and	abruptly	
due	 to	 cutting	 and	 planting,	 ALS	 vegetation	 cover	 data	 were	
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compared	to	our	own	data,	which	were	collected	immediately	after	
the	 experiment	 by	manually	 drawing	 the	woody	 vegetation	 cover	
(>1	m	 in	 height)	 onto	 aerial	 photographs	 within	 each	 garden	 and	
within	 a	 100-	m	 radius	 circle	 around	 each	 garden.	Mappings	were	
digitized,	and	woody	vegetation	cover	was	estimated	with	the	soft-
ware	ArcMap	(version	10.3;	ESRI).	Correlation	coefficients	between	
our	own	data	and	ALS-	based	data	were	high;	both	at	garden	 level	
(Pearson’s	 r	=	0.89,	p	<	0.0001)	 and	 at	 the	 100-	m	 scale	 (Pearson’s	
r	=	0.89,	p	<	0.0001).
2.4 | Predation assessment
To	quantify	predation,	we	used	artificial	caterpillars	as	sentinel	prey,	
which	we	screened	for	attack	marks	from	birds	and	arthropods	(e.g.,	
Low,	 Sam,	 McArthur,	 Posa,	 &	 Hochuli,	 2014).	 This	 approach	 has	
been	successfully	applied	to	reveal	changes	in	predation	risks,	and	
thereby	to	infer	pest-	control	services,	across	both	habitat	heteroge-
neity	and	land-	use	gradients	in	different	ecosystems	(Ferrante	et	al.,	
2014;	 Kozlov	 et	al.,	 2017;	 Lemessa,	 Hambäck,	 &	 Hylander,	 2015).	
F IGURE  1 Examples	of	the	airborne	laser	scanning	(ALS)	classified	point	cloud	data	used	in	our	study:	woody	vegetation	>1	m	(green),	
buildings	(orange)	and	ground	level	(grey/white).	Example	of	gardens	with	high	(a)	and	low	(b)	vertical	heterogeneities	of	the	woody	vegetation	
structure	(i.e.,	habitat	heterogeneity)	at	the	garden-	patch	scale	(red	rectangles).	(c	and	d)	It	shows	gardens	with	high	and	low	habitat	
heterogeneities	in	250-	m	scale	landscapes	that	have	low	proportion	(M	=	0.1)	of	woody	vegetation	cover	(i.e.,	habitat	amount).	 
(e	and	f)	It	shows	gardens	with	low	and	high	habitat	heterogeneities	in	250-	m	scale	landscapes	that	have	high	habitat	amount	(M	=	0.3)
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Artificial	 caterpillars	 (no	 edible	 reward	 for	 predators)	 were	 made	
using	 malleable	 plasticine	 (Staedtler	 FIMO®	 Soft;	 Tropical	 Green)	
that	was	 rolled	by	hand	 into	 cylinders	 of	 approx.	 30	×	5	mm	 (Low	
et	al.,	2014;	Figure	S1).
To	standardize	 the	substrate	of	 the	caterpillars	among	gardens,	
caterpillars	 were	 attached	 to	 bamboo	 rods	 (hereafter	 “artificial	
shrubs”),	which	consisted	of	three	short	(0.75	m	×	23	mm)	bamboo	rods	
attached	at	a	right	angle	to	a	single	long	vertical	(2.25	m	×	23	mm)	bam-
boo	rod.	The	short	rods	were	placed	at	0.5-	m	intervals	and	at	60°	an-
gles	to	each	other	to	create	six	branches.	This	resulted	in	two	branches	
at	each	of	the	three	height	classes:	0.5,	1,	and	1.5	m	above	the	ground	
(hereafter	“caterpillar	height	class,”	Figure	S1).
Within	each	garden,	18	artificial	caterpillars	(6	per	shrub)	were	
glued	to	the	upper	side	of	each	horizontal	bamboo	rod	using	cya-
noacrylate	 superglue	 (Pattex®	 liquid;	Henkel	AG).	Additionally,	 to	
assess	 predation	 activity	 at	 the	 ground	 level,	 two	 artificial	 cater-
pillars	were	glued	on	wooden	chop	sticks	and	placed	below	each	
artificial	shrub,	resulting	in	a	total	of	24	caterpillars	per	trial	and	a	
total	of	1,152.
Three	 artificial	 shrubs	were	 placed	 in	 each	 of	 the	 24	 gardens	
at	a	distance	of	at	 least	2	m	from	built	 structures	 (house	or	shed)	
and	at	 least	4	m	from	one	another.	To	standardize	shrub	 location,	
we	placed	one	shrub	at	each	of	three	distance	categories	 (hereaf-
ter	“shrub	distance	class”):	within	walking	(0–0.1	m),	hopping	(0.1–
0.7	m),	and	flying	distance	(>0.7	m)	from	the	nearest	bird’s	perch	on	
a	woody	 vegetation	 element.	We	 installed	 the	 artificial	 shrubs	 at	
least	1	week	before	the	start	of	 the	experiment	to	allow	predator	
habituation.
Experiments	 were	 conducted	 between	 4	 and	 27	 May	 2015,	
which	 is	 during	 the	 breeding	 season	 of	 widespread	 insectivorous	
bird	species	in	Zurich,	such	as	tits	(Parus	spp.),	and	which	also	paral-
lels	the	peaks	of	caterpillar	abundance	in	woody	vegetation	(Mols	&	
Vissier,	2002;	Naef-	Daenzer	&	Keller,	1999).
The	 artificial	 caterpillars	were	 exposed	 to	 predators	 for	 48	hr,	
after	 which	 they	 were	 removed	 from	 the	 artificial	 shrubs	 and	
checked	for	signs	of	predation.	We	repeated	this	process	twice	for	
each	garden	with	the	two	experimental	trials	being	separated	by	at	
least	4	days.	A	caterpillar	was	considered	to	have	been	predated	if	a	
mark	attributable	to	a	bird,	mammal,	or	arthropod	was	identified	ac-
cording	to	standard	identification	keys	(Low	et	al.,	2014).	Marks	that	
could	not	be	identified	in	the	field	were	examined	using	a	binocular	
microscope.
2.5 | Data analysis
We	used	 binomial	GLMMs	 in	 a	Bayesian	 framework	 to	 fit	 logistic	
regressions	to	the	predation	risk	of	artificial	caterpillars	by	birds	and	
arthropods.	GLMMs	were	run	 in	the	software	r	using	the	package	
lme4	(Bates,	Maechler,	Bolker,	&	Walker,	2015).	The	presence	or	ab-
sence	of	predator	attack	marks	on	the	caterpillar	models	was	used	as	
a binary response variable.
In	 each	 model,	 the	 interaction	 term	 between	 garden	 habi-
tat	 heterogeneity	 and	 landscape	 habitat	 amount	 was	 included.	
Similarly,	since	we	expected	nonlinear	effects	of	habitat	amount	
and	 heterogeneity	 on	 predation	 risk,	 square	 terms	 of	 both	 vari-
ables	 were	 added	 by	 using	 orthogonal	 polynomials.	 The	 final	
model	structure,	that	is,	whether	the	linear	or	square	term	of	hab-
itat	amount	and	heterogeneity	was	used,	was	chosen	based	on	the	
Bayesian	widely	applicable	information	criterion	(WAIC)	as	imple-
mented	 in	 the	 r	 package	 blmeco	 (Korner-	Nievergelt	 et	al.,	 2015;	
Watanabe,	2010).
Additionally,	caterpillar	height	class	and	shrub	distance	class	
were	 entered	 in	 the	 model	 as	 fixed	 factors.	 Both	 crossed	 and	
nested	random	factors	with	random	intercepts	were	included	in	
the	model	to	account	for	nonindependence	among	observations	
due	 to	 repeated	measurements	and	 the	nested	structure	of	 the	
observations	 in	 time	 (i.e.,	 two	 trials)	 and	 space	 (i.e.,	within	 gar-
dens	 and	 on	 artificial	 shrubs).	 All	 continuous	 explanatory	 vari-
ables	 were	 centred	 and	 scaled	 to	mean	 zero	 and	 one	 standard	
deviation	prior	to	analysis.	Models	were	run	separately	for	each	
spatial	scale.
We	used	a	Bayesian	approach	to	estimate	the	model	parameters	
and	their	uncertainty	using	the	r	package	arm	(Gelmann	&	Su,	2016).	
To	achieve	this,	the	results	from	the	GLMM	fits	were	used	to	calcu-
late	their	joint	posterior	distribution	assuming	flat	prior	distributions	
(Korner-	Nievergelt	 et	al.,	 2015).	 Mean	 parameter	 estimates	 were	
then	obtained	by	10,000	random	samples	from	the	 joint	posterior	
distribution,	 together	with	 their	 95%	 credible	 intervals,	which	 ex-
presses	the	range	within	the	true	parameter	value	is	expected	with	
a	probability	of	0.95.	The	latter	was	calculated	as	the	2.5%	and	the	
97.5%	quantile	of	the	posterior	distribution.
The	 goodness-	of-	fit	 of	 all	models	was	 investigated	 by	 plotting	
observed	predation	events	against	fitted	values,	while	coincidence	
of	 observed	 and	 fitted	 values	 was	 assessed	 by	 calculating	 their	
means	 and	 the	 standard	error	of	 the	means	 in	 suitability	 selected	
classes	of	fitted	values.	Finally,	measures	of	explained	variance	were	
calculated	for	the	fixed	factors	of	each	model	by	using	the	r	package	
piecewiseSEM	(Lefcheck,	2016).
To	reduce	the	correlation	between	garden	habitat	heterogene-
ity	and	the	landscape	habitat	amount	at	the	50-	m	scale,	and	hence	
to	improve	independence	among	explanatory	variables,	one	garden	
was	excluded	from	the	analyses	(Pearson’s	r	=	0.26,	p	=	0.23).
3  | RESULTS
Of	 the	 1,152	 exposed	 caterpillars,	 1,145	 (99%)	 were	 successfully	
evaluated	 for	 predation	 marks.	 Seven	 caterpillars	 were	 excluded	
from	the	analysis	because	they	had	been	vandalized	or	removed.	The	
overall	predation	rate	was	16.2%	(approx.	8%	per	day).
Most	of	the	marks	were	left	by	birds	(n	=	123,	66.5%),	followed	
by	arthropods	(n	=	38,	20.5%).	Fourteen	marks	(7.6%)	could	not	be	
unambiguously	 assigned	 to	 a	 predator	 class	 and	were	 therefore	
excluded	from	the	analysis.	Bird	predation	marks	were	recorded	
in	 all	 24	 gardens	 (mean	 number	 of	 marks	=	5.1,	 range	=	1–19).	
Arthropod	 predation	 marks	 were	 recorded	 in	 62%	 of	 gardens	
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(mean	 number	 of	 marks	=	1.6,	 range	=	0–8).	 Mammal	 predation	
was	not	modelled	due	to	the	low	number	of	attack	marks	(n	=	10,	
5.4%).
We	found	strong	and	significant	 interactive	effects	between	
garden	 habitat	 heterogeneity	 and	 landscape	 habitat	 amount	 on	
both	risk	of	predation	by	birds	and	arthropods	across	all	 the	 in-
vestigated	 spatial	 scales	 (Figure	2,	 Tables	1	 and	 2).	 Risk	 of	 pre-
dation	 by	 birds	 was	 significantly	 higher	 only	 in	 heterogeneous	
gardens	at	low	to	intermediate	landscape	habitat	amounts	(10%–
20%)	 at	 the	 larger	 spatial	 scales	 (250–500	m).	 Conversely,	 risk	
of	 predation	 by	 birds	 dropped	 independently	 of	 garden	 habitat	
heterogeneity	when	landscape	habitat	amount	was	low	(<10%)	at	
small	spatial	scales	 (50–100	m).	Risk	of	predation	by	arthropods	
mostly	 peaked	 not	 only	 in	 homogeneous	 garden	 habitats	when	
habitat	amount	was	intermediate	(20%)	at	large	spatial	scales,	but	
also	 tended	to	 increase	 in	heterogeneous	garden	habitats	when	
landscape	habitat	amount	was	high	(>30%).	At	small	spatial	scales,	
and	in	contrast	to	birds,	risk	of	predation	by	arthropods	was	also	
strongly	driven	by	both	the	linear	and	quadratic	terms	of	habitat	
heterogeneity.
Risk	of	predation	by	birds	was	highest	at	the	upper	branches	of	
the	artificial	shrubs,	and	risk	of	predation	by	arthropods	was	highest	
at	ground	level,	but	shrub	distance	class	did	not	affect	predation	risk	
by	neither	predator	community	(Tables	S2	and	S3).
The	 fixed	 factors	 of	 the	 models	 explained	 on	 average	 c. 
20	±	2%	 (SD)	 of	 the	 observed	 variation	 in	 the	 bird-	predation	
models and c.	 30	±	2%	 (SD)	 in	 the	 arthropod	 predation	 mod-
els,	whereas	WAIC	values	were	similar	across	models	 (Table	3).	
Hence,	the	variance	in	explanatory	power	and	fit	among	models	
was	low	(Figure	S2).
F IGURE  2 Bayesian	effect	plots	
illustrating	the	interactive	effects	
between	the	garden	habitat	heterogeneity	
(i.e.,	the	vertical	heterogeneity	of	the	
woody	vegetation	structure)	and	the	
landscape	habitat	amount	(i.e.,	the	
landscape	proportion	of	the	woody	
vegetation	cover)	on	the	predation	risk	
of	artificial	caterpillars	by	birds	(a–d)	
and	arthropods	(e–h).	Garden	habitat	
heterogeneity	levels	were	taken	as	
the	20%	and	the	80%	percentiles	of	
the	observed	standard	deviations	of	
vegetation	return	heights.	The	additional	
variables	in	the	models	were	treated	as	
follows:	shrub	distance	class	was	held	
to	the	intermediate	condition	(hopping	
distance),	while	caterpillar	height	class	
was	put	to	the	highest	level	in	birds	
(1.5	m)	and	to	ground	levels	in	arthropods,	
where	most	predation	occurred
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4  | DISCUSSION
4.1 | Cross- scale interactive effects drive predation 
in urban ecosystems
We	found	that	the	vertical	woody	vegetation	structure	increased	
predation	 risk	 of	 sentinel	 prey	 by	 birds	 and	 arthropods	 in	 urban	
gardens,	 but	 this	 depended	 on	 the	 extent	 of	 woody	 vegetation	
cover	in	the	surrounding	landscape	matrix	(Figure	2,	Tables	1	and	
2).	 Hence,	 the	 “enemies”	 hypothesis,	 which	 predicts	 strong	 top-	
down	control	 in	structurally	heterogeneous	habitats,	may	not	be	
able	to	explain	predation	and	pest	control	 in	urban	habitats	such	
as	 gardens	 on	 account	 of	 multiscale	 response	 interactions	 in	
vegetation	 structural	 complexity.	 By	 contrast,	 the	 “enemies”	 hy-
pothesis	might	be	more	directly	relevant	in	comparatively	spatially	
homogeneous	ecosystems	(e.g.,	Muiruri	et	al.,	2016).
Our	results	indicate	that	interactive	effects	among	habitat	attri-
butes	measured	at	different	spatial	scales	can	play	an	important	role	
in	shaping	ecosystem	processes	and	services	and	should	therefore	
be	 considered	 in	 spatially	 heterogeneous	ecosystems	 such	 as	 cit-
ies	(Denno	et	al.,	2005;	Goddard,	Dougill,	&	Benton,	2010;	Litteral	
&	 Shochat,	 2017;	 Tscharntke	 et	al.,	 2012).	 Similarly,	 ecosystem	
processes	 that	 rely	on	species	 interaction	may	not	necessarily	be	
negatively	affected	by	moderate	levels	of	urbanization,	as	it	is	fre-
quently	assumed	(González-	Gómez	et	al.,	2006;	Kozlov	et	al.,	2017;	
Philipott	&	Bichier,	2017;	Ryall	&	Fahrig,	2006;	Turrini	et	al.,	2016).
TABLE  1 Parameter	estimates	of	variables	affecting	risk	of	
predation	by	birds	based	on	10,000	random	samples	from	the	
posterior	distributions.	Significant	effects,	that	is,	credible	intervals	
that	do	not	include	zero,	are	given	in	bold.	Parameter	estimates	for	
shrub	distance	class	and	caterpillar	height	class	are	given	in	the	
additional	information.	G:	garden	habitat	heterogeneity	(i.e.,	
vertical	heterogeneity	of	the	woody	vegetation	structure);	L:	
landscape	habitat	amount	(i.e.,	landscape	proportion	of	the	woody	
vegetation	cover)
Parameter Mean 2.5% CI 97.5% CI
Model	1:	50-	m	scale
Intercept −3.74 −4.57 −2.91
G −0.12 −0.53 0.3
L 0.42 0.02 0.82
L2 −0.1 −0.52 0.31
G	×	L −0.83 −1.51 −0.14
G	×	L2 −0.86 −1.63 −0.08
Model	2:	100-	m	scale
Intercept −3.8 −4.61 −2.98
G 0.14 −0.22 0.5
L −0.07 −0.42 0.27
L2 −0.12 −0.5 0.27
G	×	L −0.88 −1.3 −0.47
G	×	L2 −0.65 −1.23 −0.08
Model	3:	250-	m	scale
Intercept −3.84 −4.68 −3.02
G 0.27 −0.1 0.64
L −0.31 −0.69 0.06
L2 −0.42 −0.83 −0.01
G	×	L −0.66 −1.1 −0.22
Model	4:	500-	m	scale
Intercept −3.8 −4.63 −2.96
G 0.21 −0.06 0.48
G2 0.26 −0.05 0.56
L −0.14 −0.44 0.15
G	×	L −0.43 −0.7 −0.15
TABLE  2 Parameter	estimates	of	variables	affecting	risk	of	
predation	by	arthropods	based	on	10,000	random	samples	from	
the	posterior	distributions.	Significant	effects,	that	is,	credible	
intervals	that	do	not	include	zero,	are	given	in	bold.	Parameter	
estimates	for	shrub	distance	class	and	caterpillar	height	class	are	
given	in	the	additional	information.	G:	garden	habitat	heterogeneity	
(i.e.,	vertical	heterogeneity	of	the	woody	vegetation	structure);	L:	
landscape	habitat	amount	(i.e.,	landscape	proportion	of	the	woody	
vegetation	cover
Parameter Mean 2.5% CI 97.5% CI
Model	5:	50-	m	scale
Intercept −2.34 −3.1 −1.58
G −0.46 −0.81 −0.11
G2 0.64 0.24 1.04
L 0.25 −0.25 0.75
G	×	L −0.44 −0.86 −0.04
Model	6:	100-	m	scale
Intercept −2.52 −3.28 −1.76
G −0.35 −0.75 0.05
G2 0.49 0.08 0.91
L 0.08 −0.44 0.59
G	×	L −0.42 −0.83 0
Model	7:	250-	m	scale
Intercept −2.68 −3.41 −1.95
G 0.17 −0.54 0.89
L −0.09 −0.54 0.37
L2 −0.62 −1.15 −0.07
G	×	L 0.16 −0.5 0.82
G	×	L2 1.67 0.59 2.75
Model	8:	500-	m	scale
Intercept −2.72 −3.5 −1.93
G −0.46 −1.05 0.12
L −0.12 −0.63 0.39
L2 −0.24 −0.73 0.26
G	×	L 0.32 −0.2 0.85
G	×	L2 0.88 0.22 1.52
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4.2 | Bird predation activity
We	found	evidence	of	elevated	risk	of	predation	by	birds	when	the	
urban	woody	habitat	amount	was	 low	to	 intermediate	 (10%–20%	
by	area)	at	relatively	large	spatial	scales	(250–500	m;	Figure	2c,d),	
but	only	in	gardens	with	high	heterogeneity	in	woody	habitat	struc-
ture.	Such	gardens	 represent	a	 favourable	environment	 for	 feed-
ing,	 hiding,	 and	 nesting	 in	 urban	 contexts	where	 such	 resources	
are	otherwise	scarce	 (Belaire	et	al.,	2014).	Similar	responses	have	
been	observed	in	agricultural	landscapes	and	forests	where	patchy	
resource	 distributions	 and/or	 habitat	 loss	 can	 lead	 to	 local	 con-
centrations	 of	 organisms,	 with	 functional	 consequences	 such	 as	
increased	predation	(González-	Gómez	et	al.,	2006;	Mols	&	Vissier,	
2002;	Tscharntke	et	al.,	2012).
The	small	 increase	 in	predation	observed	 in	homogeneous	gar-
den	habitats	in	parts	of	the	city	where	woody	habitat	amount	was	
high	(>35%)	might	be	explained	by	a	combination	of	predator	spill-	
over,	and	the	high	detectability	and	accessibility	of	prey	in	such	gar-
dens	(Denno	et	al.,	2005;	Tscharntke	et	al.,	2012).	Yet,	overlapping	
credible	 intervals	 indicate	 that	 differences	 between	 gardens	with	
contrasting	habitat	structure,	if	present,	are	small	in	such	situations	
(Figure	2d).	Our	results	indicate	variation	in	the	extent	of	predation	
by	birds,	subject	to	interactive	effects	in	habitat	complexity	across	
scales.	 This	 has	 the	 potential	 to	 contribute	 to	 pest	 control,	 as	 re-
ported	by	Kozlov	et	al.	(2017)	who	found	a	stronger	avian	predation	
of	herbivorous	insects	(leading	to	a	foliage	loss	reduction	of	16.5%)	
across	16	European	cities	when	compared	with	nearby	rural	habitats.
At	the	smallest	spatial	scales	(50–100	m),	our	results	show	that	
low	 habitat	 amounts	 negatively	 impact	 predation	 risk	 even	when	
garden	habitat	heterogeneity	is	high	(Figure	2a,b,	Table	1).	This	ef-
fect	was	strongest	when	habitat	amount	fell	below	approx.	12%	at	
the	50-	m	scale	(i.e.,	<950	m2).	This	suggests	that	predation	risks	tend	
to	scale	positively	with	habitat	size	in	urban	areas.	Urban	gardens	in	
many	central	and	northern	European	cities	are	mostly	smaller	than	
950 m2	and	tend	to	decrease	in	size	with	increasing	urban	density	
(Loram	et	al.,	2008),	and	thus	individual	gardens	might	not	be	able	
to	support	organism-	mediated	ecosystem	services	such	as	pest	con-
trol;	even	when	habitat	quality	is	locally	high	(Goddard	et	al.,	2010).
4.3 | Arthropod predation activity
In	contrast	 to	birds,	 risk	of	predation	by	arthropods	was	 strongly	
affected	 by	 both	 (negative)	 linear	 and	 (positive)	 quadratic	 terms	
of	garden	habitat	heterogeneity	at	the	smallest	spatial	scales	(50–
100	m),	while	habitat	amount	alone	played	no	role	at	these	scales	
(Table	2).	Previous	studies,	across	10	northern	temperate	cities	on	
different	continents,	have	found	that	local	environmental	conditions	
shape	communities	of	ground-	dwelling	predatory	arthropods	more	
strongly	than	larger	scale	variables	related	to	habitat	loss	(Braaker	
et	al.,	2014;	Magura,	Lövei,	&	Tóthmérész,	2010).	Species	of	recur-
rently	disturbed,	and	hence	open,	habitats,	which	are	characterized	
by	 a	 low	 woody	 vegetation	 cover	 and	 heterogeneity,	 apparently	
dominate	communities	in	northern	temperate	cities	(Magura	et	al.,	
2010).	 Similarly,	 Lemessa	 et	al.	 (2015)	 found	 increased	 arthropod	
predation	in	home	gardens	in	tree-	poor	agricultural	 landscapes	of	
Ethiopia,	East	Africa,	yet	 they	did	not	 find	an	 influence	of	woody	
habitat	structure	at	the	garden	scale.
On	the	other	hand,	species	closely	associated	with	woody	habi-
tats	might	be	more	frequent	at	forested	urban	fringes	(Magura	et	al.,	
2010).	 Indeed,	 at	 larger	 spatial	 scales	 (250–500	m),	 we	 found	 in-
creased	predation	risks	in	structurally	homogeneous,	and	hence	open,	
gardens	 in	urban	contexts	with	 intermediate	habitat	amount	 (20%),	
as	well	as	in	structurally	heterogeneous	gardens	in	landscapes	where	
woody	habitat	amount	was	relatively	high	(>30%).	Although	the	latter	
result	is	in	line	with	Ferrante	et	al.	(2014),	its	explanatory	power	is	low	
as	indicated	by	the	wide	credible	intervals	(Figure	2g,h).	Nevertheless,	
taken	together,	such	findings	may	suggest	that	two	communities	of	
ground-	dwelling	predatory	arthropods	with	contrasting	habitat	pref-
erences	might	have	driven	the	observed	pattern	(Figure	2g,h).
4.4 | Management implications
Analogous	to	agricultural	ecosystems,	our	results	indicate	that	pro-
viding	 locally	heterogeneous	vertical	woody	vegetation	 structures	
(e.g,	by	planting	and	maintaining	tall-	growing	native	trees	with	un-
derstorey	shrubs)	 to	enhance	ecosystem	functions,	such	as	preda-
tion	by	birds	and	arthropods,	is	likely	to	be	most	effective	when	the	
suitable	habitat	amount	is	neither	too	low	(e.g.,	<10%)	nor	too	high	at	
larger	landscape	spatial	scales	(Boreux	et	al.,	2013;	Tscharntke	et	al.,	
2012).	We	surmise	that	this	is	because	the	absence	of	large	source	
habitats	(e.g.,	forest	fringes)	prevents	spill-	over	effects	which	might	
otherwise	overcome	small-	scale	differences	in	habitat	structure,	yet	
sufficient	 predators	 persist	 within	 the	 habitats	 distributed	 across	
the	urban	 landscape	to	respond	to	 localised	habitat	heterogeneity	
(Aronson	et	al.,	2016).	Indeed,	large	urban	areas	with	extremely	re-
duced	favourable	habitat	cover	are	likely	to	contain	a	depauperate	
predator	community	that	is	not	able	to	respond	to	small-	scale	man-
agement	measures	(Tscharntke	et	al.,	2012).
TABLE  3 The	Bayesian	model	selection	criterion	(widely	
applicable	information	criterion;	WAIC)	and	the	percentage	of	
explained	variance	(R2)	for	the	fixed	effects	of	each	model
Model
Spatial scale of 
investigation WAIC R2
Bird	predation
Model	1 50 m 733.6 0.18
Model	2 100 m 718.7 0.21
Model	3 250 m 724.1 0.22
Model	4 500 m 730.6 0.17
Arthropod	predation
Model	5 50 m 306.9 0.31
Model	6 100 m 306.7 0.30
Model	7 250 m 300.6 0.36
Model	8 500 m 309.1 0.31
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Since	different	predator	groups	or	communities	can	show	con-
trasting	activity	patterns	with	respect	to	woody	vegetation	hetero-
geneity,	management	trade-	offs	may	exist.	In	moderately	urbanized	
landscapes,	providing	woody	habitat	heterogeneity	appears	to	more	
effectively	favour	predation	by	birds	than	by	arthropods.	This	is	prob-
ably	due	to	the	relatively	lower	mobility	of	the	latter	or	because	the	
size	and	quality	of	garden	habitats	is	rarely	sufficient	to	sustain	local	
populations	(Braaker	et	al.,	2014;	Goddard	et	al.,	2010;	Magura	et	al.,	
2010).	Besides	improving	the	size	and	quality	of	garden	habitats,	for	
instance	by	decreasing	management	intensity	(i.e.,	decreasing	prun-
ing	and	mowing	frequency	and	pesticide	use)	and	offering	more	ma-
ture	native	woody	vegetation	(e.g.	Sattler,	Duelli,	Obrist,	Arlettaz,	&	
Moretti,	2010),	improving	landscape	connectivity	by	green	corridors	
of	high	quality	habitat	could	additionally	increase	colonization	rates	
of	gardens	by	such	arthropod	predators	(Beninde	et	al.,	2015).
Open	urban	habitats	might	benefit	more	 immediately	by	 inter-
ventions	 to	 enhance	 arthropod	 predation	 activity	 (Magura	 et	al.,	
2010).	Habitat	heterogeneity	other	than	that	of	woody	vegetation	is	
still	relevant	in	such	situations	(Denno	et	al.,	2005)	and	garden	own-
ers	could	enhance	pest	control	by	arthropod	predators	by	maintain-
ing	uncut	perennial	and	tussock	 forming	grasses	as	 “beetle	banks”	
(Tscharntke	et	al.,	2012).
4.5 | Using ALS to predict ecosystem processes and 
services in urban ecosystems
Using	high-	resolution	3D	ALS	data,	we	are	now	able	to	quantify	the	
urban	woody	habitat	structure	and	amount	in	great	detail	and	over	
large	areas	(e.g.	Casalegno	et	al.,	2017).	This	improves	our	ability	to	
assess	the	relationships	between	woody	habitat	structure	and	eco-
system	functions	across	a	hierarchy	of	spatial	scales	and	allows	in-
sights	into	cross-	scale	interactive	effects	which	appear	pervasive	in	
spatially	heterogeneous	ecosystems	such	as	cities	(Goddard	et	al.,	
2010).	Urban	planning	aiming	at	conserving	biodiversity	or	increas-
ing	the	ecological	functionality	of	cities	might	profit	considerably	
from	 these	 methodological	 developments.	 Conversely,	 studying	
ecosystem	processes	at	single	spatial	scales	without	considering	in-
teractive	effects	across	scales	might	be	misleading,	with	potentially	
negative	effects	for	maintaining	and/or	restoring	ecosystem	func-
tions:	a	simple	but	still	not	widely	recognized	prediction.	However,	
integrating	multiple	 spatial	 scales	 into	 urban	 ecosystem	planning	
also	requires	bridging	the	apparent	mismatches	between	ecologi-
cal	(i.e.,	minimum	habitat	size)	and	social	(i.e.,	property	size)	scales	
and	boundaries,	which	 is	challenging	 (Gaston	et	al.,	2013).	Future	
studies	 should	 therefore	 also	 explore	 the	 social	 drivers	 of	 urban	
habitat	structure	and	ecosystem	functioning	by	 including	the	dif-
ferent	scales	of	social	organization	(e.g.,	individual,	neighbourhood)	
and	decision	making	(Aronson	et	al.,	2017).
ACKNOWLEDG EMENTS
We	 are	 grateful	 to	 Annette	 Stephani,	 Dominik	 Schmutz,	 Andrea	
Zanetta,	and	Simon	Tresch	for	their	help	in	the	field;	Pius	and	Fränzi	
Korner-	Nievergelt	 for	 statistical	 advice;	 the	garden	owners	 for	pro-
viding	access	to	their	properties;	Grün	Stadt	Zürich	for	their	support;	
Dorothée	Nörz	for	the	drawings;	Robert	Home	and	Chris	Young	for	
the	 revision	of	 the	manuscript;	 and	 three	anonymous	 reviewers	 for	
their	useful	comments.	FZ	was	partially	funded	by	the	Swiss	National	
Science	 Foundation	 (grant	 no.	 172198).	 This	 study	 was	 conducted	
within	 the	 framework	 of	 the	 Swiss	 National	 Science	 Foundation	
Sinergia	 project	 BetterGardens	 (www.bettergardens.ch)	 (grant	 no.	
154416).
AUTHORS’  CONTRIBUTIONS
D.F.,	 K.V.,	M.M.,	 J.G.,	 and	 D.H	 designed	 the	 experiment;	 K.V.	 de-
veloped	the	artificial	prey	approach	and	guided	the	fieldwork;	F.Z.	
processed	the	ALS	data	and	provided	valuable	methodological	com-
ments;	D.F.	performed	data	analysis	and	wrote	the	paper.	All	authors	
edited	the	paper	and	approved	the	final	version.
DATA ACCE SSIBILIT Y
Data	 available	 via	 the	 Dryad	 Digital	 Repository	 https://doi.
org/10.5061/dryad.h388h3g	(Frey	et	al.,	2018).
ORCID
David Frey  http://orcid.org/0000-0002-4603-0438 
Florian Zellweger  http://orcid.org/0000-0003-1265-9147 
R E FE R E N C E S
Angel,	 S.,	 Parent,	 J.,	Civco,	D.	 L.,	Blei,	A.,	&	Potere,	D.	 (2011).	 The	di-
mensions	of	global	urban	expansion:	Estimates	and	projections	 for	
all	 countries,	 2000-	2050.	Progress in Planning,	75,	 53–107.	 https://
doi.org/10.1016/j.progress.2011.04.001
Aronson,	M.	F.	J.,	La	Sorte,	F.	A.,	Nilon,	C.	H.,	Katti,	M.,	Goddard,	M.	A.,	
Lepczyk,	C.	A.,	…	Winter,	M.	(2014).	A	global	analysis	of	the	impacts	
of	urbanization	on	bird	and	plant	diversity	reveals	key	anthropogenic	
drivers. Proceedings of the Royal Society B: Biological Sciences,	 281,	
20133330.	https://doi.org/10.1098/rspb.2013.3330
Aronson,	M.	F.	J.,	Lepczyk,	C.	A.,	Evans,	K.	L.,	Goddard,	M.	A.,	Lerman,	
S.	B.,	MacIvor,	J.	S.,	…	Vargo,	T.	(2017).	Biodiversity	in	the	city:	Key	
challenges	 for	urban	green	space	management.	Frontiers in Ecology 
and the Environment,	15,	189–196.	https://doi.org/10.1002/fee.1480
Aronson,	M.	F.	J.,	Nilon,	C.	H.,	Lepczyk,	C.	A.,	Parker,	T.	S.,	Warren,	P.	S.,	
Cilliers,	 S.	 S.,	…	 Zipperer,	W.	 (2016).	Hierarchical	 filters	 determine	
community	assembly	of	urban	species	pools.	Ecology,	97,	2952–2963.	
https://doi.org/10.1002/ecm.1242
Bates,	 D.,	 Maechler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2015).	 lme4:	 linear	
mixed-effects	models	 using	 Eigen	 and	 S4.	 Retrieved	 from	 https://
cran.r-project.org/web/packages/lme4/index.html
Belaire,	J.	A.,	Whelan,	C.	J.,	&	Minor,	E.	S.	(2014).	Having	our	yards	and	
sharing	them	too:	The	collective	effects	of	yards	on	native	bird	spe-
cies in an urban landscape. Ecological Applications,	24,	 2132–2143.	
https://doi.org/10.1890/13-2259.1
Beninde,	J.,	Veith,	M.,	&	Hochkirch,	A.	(2015).	Biodiversity	in	cities	needs	
space:	A	meta-	analysis	of	factors	determining	intra-	urban	biodiver-
sity	variation.	Ecology Letters,	18,	581–592.	https://doi.org/10.1111/
ele.12427
10  |    Journal of Applied Ecology FREY Et al.
Boreux,	V.,	Kushalappa,	C.	G.,	Vaast,	P.,	&	Ghazoul,	J.	(2013).	Interactive	
effects	among	ecosystem	services	and	management	practices	on	crop	
production:	Pollination	 in	coffee	agroforestry	systems.	Proceedings 
of the National Academy of Sciences of the United States of America,	
110,	8387–8392.	https://doi.org/10.1073/pnas.1210590110
Braaker,	S.,	Ghazoul,	J.,	Obrist,	M.	K.,	&	Moretti,	M.	(2014).	Habitat	con-
nectivity	shapes	urban	arthropod	communities:	The	key	role	of	green	
roofs.	Ecology,	95,	1010–1021.	https://doi.org/10.1890/13-0705.1
Casalegno,	S.,	Anderson,	K.,	Hancock,	S.,	&	Gaston,	K.	J.	(2017).	Improving	
models	of	urban	greenspace:	From	vegetation	surface	cover	to	volu-
metric	survey,	using	waveform	laser	scanning.	Methods in Ecology and 
Evolution,	8,	1443–1452.	https://doi.org/10.1111/2041-210X.12794
Davies,	A.	 B.,	&	Asner,	G.	 P.	 (2014).	Advances	 in	 animal	 ecology	 from	
3D-	LiDAR	 ecosystem	 mapping.	 Trends in Ecology & Evolution,	 29,	
681–691.	https://doi.org/10.1016/j.tree.2014.10.005
Denno,	R.,	Finke,	D.,	&	Langellotto,	G.	(2005).	Direct	and	indirect	effects	
of	vegetation	structure	and	habitat	complexity	on	predator-prey	and	
predator-predator	interactions.	In	P.	Barbosa,	&	I.	Castellanos	(Eds.),	
Ecology of predator-prey interactions	 (pp.	 211–239).	 New	 York,	 NY:	
Oxford	University	Press.
Elmqvist,	 T.,	 Setälä,	H.,	Handel,	 S.	N.,	 van	der	Ploeg,	 S.,	Aronson,	 J.,	
Blignaut,	 J.	N.,	…	de	Groot,	 R.	 (2015).	Benefits	 of	 restoring	 eco-
system	 services	 in	 urban	 areas.	Current Opinion in Environmental 
Sustainability,	 14,	 101–108.	 https://doi.org/10.1016/j.
cosust.2015.05.001
Ferrante,	M.,	Lo	Cacciato,	A.,	&	Lövei,	G.	L.	(2014).	Quantifying	predation	
pressure	along	an	urbanisation	gradient	 in	Denmark	using	artificial	
caterpillars.	European Journal of Entomology,	111,	649–654.	https://
doi.org/10.14411/eje.2014.082
Fontana,	S.,	Sattler,	T.,	Bontadina,	F.,	&	Moretti,	M.	(2011).	How	to	man-
age	 the	 urban	 green	 to	 improve	 bird	 diversity	 and	 community	
structure.	Landscape and Urban Planning,	101,	278–285.	https://doi.
org/10.1016/j.landurbplan.2011.02.033
Frey,	D.,	Vega,	K.,	Zellweger,	F.,	Ghazoul,	 J.,	Hansen,	D.,	&	Moretti,	M.	
(2018).	Data	 from:	Predation	 risk	shaped	by	habitat	and	 landscape	
complexity	in	urban	environments.	Dryad Digital Repository,	https://
doi.org/10.5061/dryad.h388h3g
Gaston,	K.	J.,	Ávila-Jiménez,	M.	L.,	&	Edmondson,	J.	L.	(2013).	Managing	
urban	ecosystems	for	goods	and	services.	Journal of Applied Ecology,	
50,	830–840.	https://doi.org/10.1111/1365-2664.12087
Gelmann,	A.,	&	Su,	Y.-S.	(2016).	Data	analysis	using	regression	and	mul-
tilevel/hierarchical	models.	Retrieved	from	https://CRAN.R-project.
org/package=arm
Goddard,	M.	A.,	Dougill,	A.	 J.,	&	Benton,	T.	G.	 (2010).	Scaling	up	 from	
gardens:	 Biodiversity	 conservation	 in	 urban	 environments.	 Trends 
in Ecology & Evolution,	 25,	 90–98.	 https://doi.org/10.1016/j.
tree.2009.07.016
González-Gómez,	 P.	 L.,	 Estades,	 C.	 F.,	 &	 Simonetti,	 J.	 A.	 (2006).	
Strengthened	insectivory	in	a	temperate	fragmented	forest.	Oecologia,	
148,	137–143.	https://doi.org/10.1007/s00442-005-0338-3
Hostetler,	M.,	&	Holling,	C.	S.	(2000).	Detecting	the	scales	at	which	birds	
respond	to	structure	in	urban	landscapes.	Urban Ecosystems,	4,	25–54.	
https://doi.org/10.1023/A:1009587719462
Korner-Nievergelt,	F.,	Von	Felten,	S.,	Roth,	T.,	Almasi,	B.,	Guélat,	J.	R.	M.,	
&	Korner-Nievergelt,	P.	(2015).	Bayesian data analysis in ecology using 
linear models with R, Bugs, and Stan.	Amsterdam:	Academic	Press.
Kozlov,	M.,	Zverev,	V.,	&	Rainio,	K.	 (2017).	Decreased	 losses	of	woody	
plant	 foliage	 to	 insects	 in	 large	 urban	 areas	 are	 explained	 by	 bird	
predation.	 Global Change Biology,	 23,	 4354–4364.	 https://doi.
org/10.1111/gcb.13692
Lefcheck,	 J.	 S.	 (2016).	 piecewiseSEM:	 Piecewise	 structural	 equa-
tion	 modelling	 in	 R	 for	 ecology,	 evolution,	 and	 systemat-
ics. Methods in Ecology and Evolution,	 7,	 573–579.	 https://doi.
org/10.1111/2041-210X.12512
Lemessa,	D.,	Hambäck,	P.	A.,	&	Hylander,	K.	(2015).	Arthropod	but	not	
bird	predation	in	Ethiopian	homegardens	is	higher	in	tree-	poor	than	
in	tree-	rich	landscapes.	PLoS ONE,	10,	1–12.	https://doi.org/10.1371/
journal.pone.0126639
Levin,	S.	A.	(1992).	The	problem	of	pattern	and	scale	in	ecology.	Ecology,	
73,	1943–1967.	https://doi.org/10.2307/1941447
Litteral,	J.,	&	Shochat,	E.	 (2017).	The	role	of	 landscape-scale	factors	 in	
shaping	urban	bird	communities.	In	E.	Murgui,	&	M.	Hedblom	(Eds.),	
Ecology and conservation of birds in urban environments	(pp.	135–159).	
Cham:	Springer	International	Publishing.
Loram,	 A.,	 Warren,	 P.	 H.,	 &	 Gaston,	 K.	 J.	 (2008).	 Urban	 domes-
tic	 gardens	 (XIV):	 The	 characteristics	 of	 gardens	 in	 five	 cities.	
Environmental Management,	 42,	 361–376.	 https://doi.org/10.1007/
s00267-008-9097-3
Low,	P.	A.,	Sam,	K.,	McArthur,	C.,	Posa,	M.	R.	C.,	&	Hochuli,	D.	F.	(2014).	
Determining	predator	 identity	from	attack	marks	left	 in	model	cat-
erpillars:	Guidelines	for	best	practice.	Entomologia Experimentalis et 
Applicata,	152,	120–126.	https://doi.org/10.1111/eea.12207
Magura,	 T.,	 Lövei,	 G.	 L.,	 &	 Tóthmérész,	 B.	 (2010).	 Does	 urbaniza-
tion	 decrease	 diversity	 in	 ground	 beetle	 (Carabidae)	 assem-
blages?	 Global Ecology and Biogeography,	 19,	 16–26.	 https://doi.
org/10.1111/j.1466-8238.2009.00499.x
Millennium	 Ecosystem	 Assessment.	 (2005).	 Ecosystems and human 
well-being: Synthesis: A report of the Millennium Ecosystem Assessment 
(Millennium Ecosystem Assessment).	Washington,	DC:	Island	Press.
Mols,	C.	M.	M.,	&	Vissier,	M.	E.	(2002).	Great	tits	can	reduce	caterpillar	
damage	 in	 apple	orchards.	 Journal of Applied Ecology,	39,	 888–899.	
https://doi.org/10.1046/j.1365-2664.2002.00761.x
Muiruri,	E.	W.,	Rainio,	K.,	&	Koricheva,	 J.	 (2016).	Do	birds	see	 the	 for-
est	for	the	trees?	Scale-	dependent	effects	of	tree	diversity	on	avian	
predation	 of	 artificial	 larvae.	Oecologia,	180,	 619–630.	 https://doi.
org/10.1007/s00442-015-3391-6
Naef-Daenzer,	 B.,	 &	 Keller,	 L.	 F.	 (1999).	 The	 foraging	 performance	 of	
great	 and	blue	 tits	 (Parus major and P. caeruleus)	 in	 relation	 to	cat-
erpillar	and	its	consequences	development,	for	nestling	growth	and	
fledging	weight.	Journal of Animal Ecology,	68,	708–718.	https://doi.
org/10.1046/j.1365-2656.1999.00318.x
Orros,	M.	E.,	Thomas,	R.	L.,	Holloway,	G.	J.,	&	Fellowes,	M.	D.	E.	(2015).	
Supplementary	feeding	of	wild	birds	indirectly	affects	ground	beetle	
populations	 in	 suburban	 gardens.	Urban Ecosystems,	 18,	 465–475.	
https://doi.org/10.1007/s11252-014-0404-x
Philipott,	S.	M.,	&	Bichier,	P.	(2017).	Local	and	landscape	drivers	of	preda-
tion	services	in	urban	gardens.	Ecological Applications,	27,	966–976.	
https://doi.org/10.1002/eap.1500
Root,	R.	B.	(1973).	Organization	of	a	plant-	arthropod	association	in	sim-
ple	 and	 diverse	 habitats:	 The	 fauna	 of	 collards	 (Brassica oleracea).	
Ecological Monographs,	43,	95–124.	https://doi.org/10.2307/1942161
Ryall,	 K.	 L.,	 &	 Fahrig,	 L.	 (2006).	 Response	 of	 predators	 to	 loss	 and	
fragmentation	 of	 prey	 habitat:	 A	 review	 of	 theory.	 Ecology,	 87,	
1086–1093.	 https://doi.org/10.1890/0012-9658(2006)87[1086
:roptla]2.0.co;2
Sattler,	 T.,	 Duelli,	 P.,	 Obrist,	M.	 K.,	 Arlettaz,	 R.,	 &	Moretti,	M.	 (2010).	
Response	 of	 arthropod	 species	 richness	 and	 functional	 groups	 to	
urban	 habitat	 structure	 and	 management.	 Landscape Ecology,	 25,	
941–954.	https://doi.org/10.1007/s10980-010-9473-2
Sattler,	T.,	Obrist,	M.	K.,	Duelli,	P.,	&	Moretti,	M.	(2011).	Urban	arthro-
pod	communities:	Added	value	or	 just	 a	blend	of	 surrounding	bio-
diversity?	Landscape and Urban Planning,	103,	347–361.	https://doi.
org/10.1016/j.landurbplan.2011.08.008
Schwarz,	N.,	Moretti,	M.,	Bugalho,	M.	N.,	Davies,	Z.	G.,	Haase,	D.,	Hack,	
J.,	 …	 Knapp,	 S.	 (2017).	 Understanding	 biodiversity-	ecosystem	 ser-
vice	 relationships	 in	 urban	 areas:	 A	 comprehensive	 literature	 re-
view. Ecosystem Services,	 27,	 161–171.	 https://doi.org/10.1016/j.
ecoser.2017.08.014
     |  11Journal of Applied EcologyFREY Et al.
Seto,	K.	C.,	Guneralp,	B.,	&	Hutyra,	L.	R.	(2012).	Global	forecasts	of	urban	
expansion	 to	 2030	 and	 direct	 impacts	 on	 biodiversity	 and	 carbon	
pools. Proceedings of the National Academy of Sciences of the United 
States of America,	 109,	 16083–16088.	 https://doi.org/10.1073/
pnas.1211658109
Smith,	R.	M.,	Warren,	P.	H.,	Thompson,	K.,	&	Gaston,	K.	J.	(2006).	Urban	
domestic	gardens	(VI):	Environmental	correlates	of	invertebrate	spe-
cies	richness.	Biodiversity and Conservation,	15,	2415–2438.	https://
doi.org/10.1007/s10531-004-5014-0
Tratalos,	 J.,	 Fuller,	 R.	 A.,	Warren,	 P.	 H.,	 Davies,	 R.	 G.,	 &	Gaston,	 K.	 J.	
(2007).	 Urban	 form,	 biodiversity	 potential	 and	 ecosystem	 ser-
vices. Landscape and Urban Planning,	 83,	 308–317.	 https://doi.
org/10.1016/j.landurbplan.2007.05.003
Tscharntke,	 T.,	 Karp,	 D.	 S.,	 Chaplin-Kramer,	 R.,	 Batáry,	 P.,	 DeClerck,	
F.,	 Gratton,	 C.,	 …	 Martin,	 E.	 A.	 (2016).	 When	 natural	 habi-
tat	 fails	 to	 enhance	 biological	 pest	 control	 –	 Five	 hypotheses.	
Biological Conservation,	 204,	 449–458.	 https://doi.org/10.1016/j.
biocon.2016.10.001
Tscharntke,	 T.,	 Tylianakis,	 J.	M.,	 Rand,	 T.	 A.,	 Didham,	 R.	 K.,	 Fahrig,	 L.,	
Batáry,	P.,	…	Westphal,	C.	(2012).	Landscape	moderation	of	biodiver-
sity	patterns	and	processes	–	Eight	hypotheses.	Biological Reviews,	
87,	661–685.	https://doi.org/10.1111/j.1469-185X.2011.00216.x
Turrini,	T.,	&	Knop,	E.	 (2015).	A	 landscape	ecology	approach	 identifies	
important	 drivers	 of	 urban	 biodiversity.	Global Change Biology,	21,	
1652–1667.	https://doi.org/10.1111/gcb.12825
Turrini,	 T.,	 Sanders,	 D.,	 &	 Knop,	 E.	 (2016).	 Effects	 of	 urbanization	 on	
direct	 and	 indirect	 interactions	 in	 a	 tri-	trophic	 system.	 Ecological 
Applications,	26,	664–675.	https://doi.org/10.1890/14-1787
United	 Nations.	 (2014).	 World	 Urbanization	 Prospects:	 The	 2014	
Revision,	Highlights	(ST/ESA/SER.A/352).
Watanabe,	S.	(2010).	Asymptotic	equivalence	of	Bayes	cross	validation	
and	widely	applicable	information	criterion	in	singular	learning	the-
ory. Journal of Machine Learning Research,	11,	3571–3594.
Wheatley,	M.,	&	Johnson,	C.	(2009).	Factors	limiting	our	understanding	
of	 ecological	 scale.	 Ecological Complexity,	 6,	 150–159.	 https://doi.
org/10.1016/j.ecocom.2008.10.011
Zellweger,	 F.,	 Baltensweiler,	 A.,	 Ginzler,	 C.,	 Roth,	 T.,	 Braunisch,	 V.,	
Bugmann,	 H.,	 &	 Bollmann,	 K.	 (2016).	 Environmental	 predictors	 of	
species	 richness	 in	 forest	 landscapes:	Abiotic	 factors	 versus	 vege-
tation	structure.	Journal of Biogeography,	43,	1080–1090.	https://doi.
org/10.1111/jbi.12696
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.
How to cite this article:	Frey	D,	Vega	K,	Zellweger	F,	Ghazoul	
J,	Hansen	D,	Moretti	M.	Predation	risk	shaped	by	habitat	and	
landscape	complexity	in	urban	environments.	J Appl Ecol. 
2018;00:1–11. https://doi.org/10.1111/1365-2664.13189
